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Annexin V, a human protein with a high affinity for phosphati-
dylserine, has been labeled with 99mTc to detect apoptosis in
vivo. To determine the effectiveness of imaging with this agent
as a reflection of the degree of apoptosis after the first dose of
chemotherapy, we studied rats with an engrafted hepatoma.
Methods: Annexin V was labeled with 99mTc (specific activity,
3.0 MBq/�g protein). Eleven days after being inoculated with
allogenic hepatoma cells (KDH-8) in the left calf muscle, the rats
were randomized to receive a single dose of cyclophosphamide
(150 mg/kg intraperitoneally) or to serve as controls. 99mTc-
annexin V was injected 20 h later. Radioactivity in tissues was
determined 6 h after injection of 99mTc-annexin V. Tumor uptake
of 14C-iodoanitpyrine was determined as a marker of tumor
blood flow. Terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) of tissue
harvested at necropsy was performed to detect apoptosis in the
tumor. Results: Cyclophosphamide treatment significantly in-
creased the tumor uptake (percentage activity of injected dose
per gram of tissue after normalization to the animal’s weight
[%ID/g/kg]) of 99mTc-annexin V (0.070 � 0.007 %ID/g/kg for
treated rats and 0.046 � 0.009 %ID/g/kg for controls, P �
0.001). 14C-iodoantipyrine uptake was similar in the treated and
untreated groups. The number of TUNEL-positive cells in the
tumor was significantly larger in the treated rats (297.70 � 50.34
cells/mm2) than in the control rats (168.45 � 23.60 cells/mm2,
P � 0.001). Tumor uptake of 99mTc-annexin V correlated with the
number of TUNEL-positive cells in the tumor (r � 0.712; P �
0.001). Conclusion: Tumor uptake of 99mTc-annexin V was sig-
nificantly increased by a single dose of cyclophosphamide
treatment, and the increase was concordant with the number of
TUNEL-positive cells in the tumor. The current results are sug-
gestive of the utility of 99mTc-annexin V as a noninvasive means
to assess tumor response, although further testing, including
clinical evaluation, is required.
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Apoptosis plays an important role in both normal phys-
iology and many disease processes (1–5). One of the earliest
events in apoptosis is the externalization of phosphatidyl-
serine, a membrane phospholipid normally restricted to the
inner leaflet of the lipid bilayer (6,7). Annexin V, a human
protein with a high affinity for membrane-bound phospha-
tidylserine (6,8–14), has been labeled with fluorescent
markers for in vitro detection of apoptotic cells (11,14) and
with radioactive agents, such as 99mTc, to detect apoptosis in
vivo (15–18).

In the case of tumor tissue, successful chemotherapy or
radiotherapy induces apoptosis in the neoplastic cells and
indicates tumor response to the therapy (15,19–24). Previ-
ous studies demonstrated that radiolabeled annexin imaging
can detect apoptosis in vivo in experimental models (15–
17,25–29) of tumor therapy. This experiment was per-
formed to determine whether radiolabeled annexin imaging
could identify this response after the first treatment.

MATERIALS AND METHODS

Animal Studies
All procedures involving animals were performed in accordance

with the institutional guidelines of Hokkaido University (Sapporo,
Japan). Male Wistar King Aptekman/Hok rats (supplied by the
Experimental Animal Institute, Graduate School of Medicine,
Hokkaido University) were inoculated with a suspension of
KDH-8 rat hepatoma cells (1 � 106 cells per rat) into the left calf
muscle (30,31).

Human annexin V was produced by expression in Escherichia
coli as previously described (13,14,16,32–34). Annexin V was
labeled with 99mTc after derivatization with hydrazinonicotinamide
(specific activity, 3.0 MBq/�g protein) (16). Eleven days after
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intramuscular injection of KDH-8 cells, rats weighing 209–287 g
were randomized to receive a single dose of cyclophosphamide
(150 mg/kg intraperitoneally; n � 9) or to serve as controls (n �
10). 99mTc-annexin V (3.8 �g protein per rat) was injected intra-
venously 20 h later. The animals were under light ether anesthesia
at the time of injection. Six hours after 99mTc-annexin V injection,
the animals were sacrificed and the tumor, blood, and samples of
normal tissues were removed. The tissue samples were weighed,
and radioactivity was determined with a well-type scintillation
counter (1480 WIZARD 3�; Wallac Co. Ltd., Turku, Finland).
Aliquots of the tumor tissues were used to prepare formalin-fixed
paraffin-embedded specimens for subsequent histologic studies.
The accumulation of 99mTc-annexin V in the tissues was expressed
as the percentage activity of injected dose per gram of tissue after
normalization to the animal’s weight (%ID/g/kg). The tumor-to-
muscle ratio (T/M ratio) and the tumor-to-blood ratio (T/B ratio)
were calculated from the %ID/g/kg value of each tissue.

To determine whether the chemotherapy altered tumor blood
flow (which could alter delivery of radiolabeled annexin to the
tumor), a separate group of tumor animals was used to assess tissue
blood flow by the uptake of 14C-iodoantipyrine (14C-IAP) (35).
Eleven days after being inoculated with KDH-8 cells, rats weigh-
ing 240–270 g were randomized to receive a single dose of
cyclophosphamide (150 mg/kg intraperitoneally; n � 4) or to serve
as controls (n � 4). 14C-IAP (0.37 MBq per rat) purchased from
American Radiolabeled Chemicals Inc. (St. Louis, MO) was in-
travenously injected 20 h later while the rats were under light ether
anesthesia. The rats were sacrificed 40 s after injection of 14C-IAP,
and the tumor, blood, and samples of normal tissues were re-
moved. The tissue samples were weighed, and radioactivity was
determined with a liquid scintillation counter (1414 WinSpectral
�/�; Wallac Co. Ltd.). The accumulation of 14C-IAP in the tissues
was expressed as %ID/g/kg.

Detection of Apoptosis
Apoptotic nuclei were determined by direct immunoperoxidase

detection of digoxigenin-labeled 3	 DNA strand breaks by use of
terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) (36). The formalin-fixed
paraffin-embedded tissues were sectioned at 3 �m and stained
according to a standard procedure using a commercially available
kit (apoptosis in situ detection kit Wako; Wako Pure Chemical
Industries, Ltd., Tokyo, Japan). Negative and positive controls
were used for the determination of TUNEL-positive cells, instead
of using a reference area. The number of TUNEL-positive cells
was counted on 10 randomly selected �200 fields for each section
by use of a light microscope.

Statistical Analysis
All values are shown as mean � SD. Statistical analysis was

performed using the unpaired Student t test to evaluate the signif-
icance of differences in the values between the control and treated
animals. Simple regression analysis was used to compare the
uptake of 99mTc-annexin V and the number of TUNEL-positive
cells. A 2-tailed value of P � 0.05 was considered significant.

RESULTS

Biodistribution and Tumor Uptake of 99mTc-Annexin V
The tissue distribution of 99mTc-annexin V is shown in

Table 1. In control rats, uptake of 99mTc-annexin V was

highest in the kidneys, followed in decreasing order by the
spleen, liver, and bone marrow. Uptake of 99mTc-annexin V
was significantly higher in tumor (0.046 � 0.009 %ID/g/kg)
than in muscle (0.008 � 0.001 %ID/g/kg, P � 0.01) or in
blood (0.031 � 0.004 %ID/g/kg, P � 0.05). The T/M and
T/B ratios were 5.60 � 0.90 and 1.33 � 0.20, respectively.

Uptake of 99mTc-annexin V was significantly higher in
treated tumors (0.070 � 0.007 %ID/g/kg) than in control
tumors (0.046 � 0.009 %ID/g/kg, P � 0.001) (Table 1; Fig.
1A). Uptake in the thymus, bone marrow, and spleen was
also significantly increased by cyclophosphamide treatment.
In contrast, uptake in blood, muscle, the liver, and the
kidneys was not significantly affected by the treatment. The
T/M and T/B ratios of the treated groups were 7.53 � 1.06
and 2.14 � 0.31, respectively, which were significantly
higher than those of the control groups (P � 0.05 for T/M
and P � 0.001 for T/B).

Biodistribution and Tumor Uptake of 14C-IAP
Tissue uptake of 14C-IAP is shown in Table 2. In control

rats, uptake of 14C-IAP was highest in the liver (0.306 �
0.133 %ID/g/kg), followed in decreasing order by the kid-
neys, the bone marrow, the spleen, and muscle. Uptake of
14C-IAP in tumor (0.088 � 0.048 %ID/g/kg) was the lowest
among the tissues determined. Uptake of 14C-IAP in tumor
was decreased by cyclophosphamide treatment (0.041 �
0.009 %ID/g/kg, treated rats), although the difference was
not significant (P � 0.10). Uptake of 14C-IAP in other
tissues did not significantly differ between the treated and
control groups.

Apoptotic Cells and Relationship with
99mTc-Annexin V Uptake

TUNEL-positive cells were seen in the tumor specimens
obtained from both the control rats and the treated rats (Fig.
2). The number of TUNEL-positive cells was significantly
greater in the treated tumors (297.70 � 50.34 cells/mm2)
than in the control tumors (168.45 � 23.60 cells/mm2, P �

TABLE 1
Biodistribution of 99mTc-Annexin V

Tissue
Control
(n � 10)

Treated
(n � 9) P

Blood 0.031 � 0.004 0.033 � 0.004 NS
Tumor 0.046 � 0.009 0.070 � 0.007 �0.001
Muscle 0.008 � 0.001 0.010 � 0.001 NS
Thymus 0.026 � 0.004 0.061 � 0.010 �0.001
Spleen 1.361 � 0.204 2.331 � 0.280 �0.01
Bone marrow 0.514 � 0.057 1.524 � 0.409 �0.001
Liver 0.580 � 0.057 0.638 � 0.062 NS
Kidney 9.501 � 1.012 7.212 � 0.966 NS
T/M ratio 5.60 � 0.90 7.53 � 1.06 �0.05
T/B ratio 1.33 � 0.20 2.14 � 0.31 �0.001

NS � not statistically significant.
Data are %ID/g/kg (mean � SD).
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0.001) (Fig. 1B). Tumor uptake of 99mTc-annexin V corre-
lated with the number of TUNEL-positive cells in the tissue
(r � 0.712; P � 0.001) (Fig. 3).

DISCUSSION
KDH-8 tumor uptake of 99mTc-annexin V increased sig-

nificantly after a single dose of cyclophosphamide chemo-
therapy in a rat malignant tumor model, despite a slight
decrease in perfusion. The number of TUNEL-positive cells
in the tumor increased after treatment and correlated with
radiolabeled annexin uptake.

Chemotherapeutic drugs and irradiation induce apoptosis
in both normal tissues and tumors (15,16,19–24). TUNEL
staining, which marks the degraded DNA in the cell, has
been used as a marker for apoptosis (36). Our results dem-
onstrate a striking relationship between increased 99mTc-
annexin V uptake and TUNEL staining after cyclophos-
phamide treatment. Cyclophosphamide treatment gave a
60% increase in tumor uptake of 99mTc-annexin V and a
77% increase in TUNEL-positive cells, compared with the
control value. These results are similar to those previously

reported by Blankenberg et al. (16) in a model of murine B
cell lymphoma.

Yang et al. (37) reported increased cellular uptake of
99mTc-annexin V after irradiation and paclitaxel treatment in
an in vitro cell culture using a breast cancer cell line. They
also showed increased tumor-to-nontumor ratios of 99mTc-
annexin V after paclitaxel treatment by in vivo imaging
experiments. Hofstra et al. (38) observed an enhanced tumor
accumulation of 99mTc-annexin V in a patient with an intra-
cardiac tumor.

Our results showed that 99mTc-annexin V uptake signifi-
cantly correlated with the number of TUNEL-positive cells.
Blankenberg et al. (16) observed annexin V accumulation in
rodent heart transplants that were undergoing rejection and
that occasionally had TUNEL-positive cell nuclei. In con-
trast, D’Arceuil et al. (29) reported a high uptake of 99mTc-
annexin V in hypoxic neurons and glial cells without evi-
dence of apoptotic nuclei by TUNEL staining in a rabbit
model of neonatal hypoxic brain injury. This discrepancy
appears to largely be ascribed to differences in the tissue
insult of each model and the phase of apoptosis detected by
annexin V and TUNEL staining (29). TUNEL staining
detects DNA degradation that occurs in a late phase of
apoptosis, whereas annexin V binds to the phosphatidylser-
ine that is externalized in an earlier phase of apoptosis that
immediately follows caspase-3 activation. Further studies,
including those on the expression of caspase-3 messenger
RNA and protein in relation to 99mTc-annexin V uptake,
may be helpful to confirm the present results and provide
further evidence for the potential of 99mTc-annexin V as an
indicator of apoptotic tumor cells.

In addition to apoptotic cells, annexin V binds to necrotic
cells, because of exposure of phosphatidylserine located in
the inner leaflet of the highly permeable plasma membrane
of necrotic cells (11). Annexin V localization in vivo does
not appear to be entirely specific for apoptosis. The present

FIGURE 1. Uptake of 99mTc-annexin V (A)
and number of TUNEL-positive cells (B) in
tumor. Uptake of 99mTc-annexin V and
number of TUNEL-positive cells were sig-
nificantly higher in treated tumor than in
control tumor. Control � control rats;
treated � rats treated with cyclophospha-
mide (150 mg/kg intraperitoneally).

TABLE 2
Biodistribution of 14C-IAP

Tissue
Control
(n � 4)

Treated
(n � 4)

Blood 0.188 � 0.024 0.187 � 0.027
Tumor 0.088 � 0.048 0.041 � 0.009
Muscle 0.111 � 0.029 0.074 � 0.021
Thymus 0.090 � 0.005 0.104 � 0.040
Spleen 0.124 � 0.018 0.112 � 0.051
Bone marrow 0.143 � 0.014 0.120 � 0.040
Liver 0.306 � 0.133 0.246 � 0.186
Kidney 0.237 � 0.036 0.240 � 0.090

Data are %ID/g/kg (mean � SD). All values are not statistically
significant.
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results, however, indicate that 99mTc-annexin V accumula-
tion can largely be ascribed to apoptotic cells in the tumor.

Accumulation of a tracer in a tissue is generally regulated
by its delivery to the tissue, uptake by the tissue, and
retention in the tissue. Consequently, increased blood flow
may cause increased tissue accumulation of the tracer. In
our study, cyclophosphamide treatment significantly in-
creased the tumor uptake of 99mTc-annexin V. In contrast,
the uptake of 14C-IAP was lower in the treated rats than in
the control rats, although the difference was not significant
(Table 2). These results indicate that the increased accumu-
lation of 99mTc-annexin V in the tumor is not attributable to
changes in blood flow.

The present study was conducted to clarify the potential
of 99mTc-annexin V to detect apoptosis early after chemo-

therapy. Thus, a relatively early time, 20 h after treatment,
was selected. 99mTc-annexin V could detect the apoptotic
tumor response by cyclophosphamide treatment at this time.
However, experiments at various times after treatment are
required to further confirm the potential of 99mTc-annexin V.

Regarding the timing after 99mTc-annexin V, Yang et al.
(37) reported increased tumor-to-blood, tumor-to-lung, and
tumor-to-muscle count density ratios as a function of time
during their experimental period of 4 h. Our preliminary
study (39) also showed that the tumor-to-blood uptake ratio
of 99mTc-annexin V was significantly higher at 6 h than at
1 h. Higher ratios of tumor to blood and tumor to other
tissue will contribute to the quality of images from in vivo
studies, which are important in the clinical setting. In the
present study, we determined the biodistribution and tumor

FIGURE 2. TUNEL staining (�200) of tu-
mor specimens in control rats (A) and
treated rats (B). Cells stained brown were
considered TUNEL positive. TUNEL-posi-
tive cells were observed in tumor speci-
mens obtained from both control and
treated rats.
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uptake of 99mTc-annexin V at 6 h after injection of 99mTc-
annexin V, although the optimum time after 99mTc-annexin
V injection remains to be determined. Our results showed
significantly higher tumor uptake of 99mTc-annexin V with-
out significant differences in tumor weights between the
control and treated animals (3.71 � 0.56 g for treated rats
and 3.62 � 0.99 g for controls). These results suggest that
99mTc-annexin V imaging can predict treatment efficacy
before tumor volumes are reduced by the treatment. How-
ever, the potential of 99mTc-annexin V for imaging apoptosis
remains to be elucidated. A scintigraphic image would be
helpful to demonstrate that apoptosis is visible in the image.
Autoradiographic methods are also helpful for the direct
comparison of tracer uptake and TUNEL-positive cells.

In our study, a relatively high dose of cyclophosphamide
(150 mg/kg intraperitoneally) was used to induce apoptosis
in the tumor. Blankenberg et al. (15) used a 100 mg/kg
intraperitoneal dose of cyclophosphamide to induce apopto-
sis in murine B cell lymphoma. They also reported that
99mTc-annexin V preferentially localized to regions of in-
tramedullary and splenic apoptotic injury induced by a
100–150 mg/kg intraperitoneal dose of cyclophospha-
mide—a finding that is consistent with the present results.
Similar increases in tumor apoptosis and radiolabeled an-
nexin uptake were observed by Yang et al. (37) with a 40
mg/kg intravenous dose of paclitaxel.

CONCLUSION

Tumor uptake of 99mTc-annexin V is significantly in-
creased by cyclophosphamide treatment, and the increase
was concordant with the number of TUNEL-positive cells
in the tumor. The current results are suggestive of the utility
of 99mTc-annexin V as a noninvasive means to assess tumor

response, although further testing, including clinical evalu-
ation, is required.
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